Abstract. Although global proteomics has shown promise for discovery of many new proteins, biomarkers, protein modifications, and polymorphisms, targeted proteomics is emerging in the proteomics research field as a complement to untargeted shotgun proteomics, particularly when a determined set of low-abundance functional proteins need to be measured. The function and expression of proteins related to drug absorption, distribution, metabolism, and excretion (ADME) such as cytochrome P450 enzymes and membrane transporters are of great interest in biopharmaceutical research. Since the variation in ADME-related protein expression is known to be a major complicating factor encountered during in vitro-in vivo and in vivo-in vivo extrapolations (IVIVE), the accurate quantification of the ADME proteins in complex biological systems becomes a fundamental element in establishing IVIVE for pharmacokinetic predictions. In this review, we provide an overview of relevant methodologies followed by a summary of recent applications encompassing mass spectrometry-based targeted quantifications of membrane transporters.
INTRODUCTION
Drug transporters along with other ADME-related proteins, such as cytochrome P450 and phase II enzymes, play a pivotal role in defining the disposition of xenobiotics and their metabolites (1) . Prediction of human pharmacokinetics (PK) remains an active and challenging area in drug discovery and development, and, as a result, various in vitro and in vivo preclinical models, such as physiological-based pharmacokinetics (PBPK) modeling, have been investigated for their capability to predict human parameters. In vitro systems including isolated primary hepatocytes and heterogeneous gene overexpressed cell lines have been widely used to investigate transporter-involved drug disposition; however, translation of in vitro kinetics parameters obtained from different systems or different laboratories to in vivo is not always straightforward. For example, through a collaborative effort between 23 pharmaceutical, academic, and contract research laboratories, a minimum of 20-and 24-fold deviation was found to exist between the lowest and highest Pglycoprotein (P-gp/ABCB1) IC 50 values for sertraline and isradipine, respectively, to a maximum of 407-and 796-fold deviation for telmisartan and verapamil (2) . The presence of digoxin uptake transporters and their differences in expression in in vitro systems used in different laboratories is considered as the major contributor to the variability of IC 50 values (2, 3) . Moreover, IVIVE of biliary elimination that involves drug transporter-mediated processes is not well established from preclinical species to human. Either due to the lack of clinical bile samples, the IVIVE is further complicated by biliary secretion models, which are highly dependent upon in vitro and preclinical data (4, 5) . Collectively, the quantitative drug transporters expression is the basis to extrapolate from preclinical models to human when coupled with kinetic parameter determinations.
Proteomics, as defined by its name, is an interdisciplinary science that involves the study of large numbers of proteins. It has rapidly advanced and made tremendous impact on a variety of biological fields. Recently, mass spectrometry (MS)-based targeted proteomics with selected reaction monitoring (SRM) has become a promising tool for relative and absolute quantification of proteins (6) (7) (8) (9) (10) (11) (12) (13) . Traditionally, this SRM technique was used in conjunction with liquid chromatography (LC) to analyze small molecules such as drugs and their metabolites (14) . The technique now can be considered as the mass spectrometry-equivalent of Western blot (15) , to selectively target one or more peptides and corresponding transitions to get quantitative results of protein expression. In addition, the SRM approach offers several advantages over traditional antibody-based assays such as no need of specific antibodies, shorter time for method development, and higher specificity. The principle of LC-MS-based targeted proteomics is quite similar to the small molecule analysis when performed on a triple-quadrupole (QQQ) instrument. The first quadrupole selects the peptides precursor ions, which are usually doubly or triply charged protonated molecules; the selected protonated ions are then subjected to collision induced dissociation (CID) in the second quadrupole to produce peptide fragment ions; the third quadrupole selects one or several fragment ions produced from the second quadrupole; finally, the mass detector counts the number of these fragment ions that reach the detector resulting in a chromatographic trace (16) . As depicted in Fig. 1 , the general procedure for quantitative targeted proteomics includes the following steps: (a) selection of suitable targeted peptides that represent the protein of interest; (b) selection of SRM transitions for the targeted peptides; (c) selection of internal standards, which usually are the same peptides with heavy isotope labels; (d) LC-MS method development including optimization and validation of the selected SRM transitions and chromatography settings; (e) sample preparation, e.g., membrane protein extraction, protein enrichment and digestion; and (f) data acquisition and processing (Fig. 1) . In this review, we detail the workflow of targeted quantitative proteomics and discuss the recent applications with an emphasis on the quantitative targeted proteomics reported for membrane transporters that are of particular relevance to drug disposition.
SELECTION OF SURROGATE TARGET PEPTIDES FOR PROTEIN QUANTIFICATION
Because peptides can only serve as surrogates of a particular target protein, selection of target peptides that achieve the highest quantification reliability and sensitivity is the first step of targeted proteomics quantification. These peptides, also named "signature peptides," are unique to the target protein that can be determined through genome-wide blast. The peptides for quantification are easily detectable in an instrument representing the highest responding peptides for the target protein (17) . The selection can be accomplished through the use of either empirical experimental tools in a high-resolution mass spectrometry analysis (18) , such as time of flight (TOF) and Orbitrap, or in silico predictive tools (7, 19) as discussed below. Protein digestion to release peptides can be achieved by a protease reaction with biological samples. Among the several proteases available for the reaction, trypsin is an ideal initial choice as it often produces fragments that are amenable to detection by MS in terms of size and amino acid composition. In one early study (18) , multidrug resistance-associated protein 2 (MRP2), was immunoprecipitated and separated by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis, followed by in-gel digestion. Then, nano-electrospray ionization (nano-ESI) quadrupole TOF (Q-TOF) was utilized to select the target proteotypic peptide with the best detection sensitivity (18) . On the other hand, understanding of the specific protease cleavage sites can facilitate the probability of de novo sequencing for a given protein, to predict the peptides that would result from protease digestion of the protein through an in silico digestion. Under the current practice, the combination of in silico analysis and subsequent lab experiments is widely accepted as an effective approach for developing methods to quantify membrane transporters (12, (20) (21) (22) .
Empirical Experimental Tools for the Selection of Quantitative Peptides
With the increasing capability of the cutting-edge instruments such as high-resolution mass spectrometers and the associated powerful processing software, the empirical approach for targeted protein quantification has become a simpler approach. As shown in Fig. 2 , the general workflow of the empirical approach includes (1) peptide profiling of protein fragments, (2) data processing and database searching to identify positive hits, (3) surrogate peptide probe selection, and (4) fine tuning of multiple reaction monitoring (MRM) transitions. Peptide profiling is usually done during the same analytical run using cutting-edge instruments where multiple precursors are selected and fragmented for MS/MS acquisition (Fig. 2) . It is critical that the high-quality MS/MS spectra are collected for the peptides of interest since it is inevitable for the peptides to co-elute with others especially for a complex sample such as tissue lysate. Target protein enrichment or purification would achieve the best peptides coverage for the target proteins (18) , and the fast acquisition rate is a key as the possibility of detecting a specific peptide goes up with the total number of spectra that one can collect within each cycle. For this reason, many instrument vendors strive to improve the acquisition rate with promising results. For example, as many as 50 high-quality MS/MS spectra (with mass resolution above 15 k) can be routinely generated within 1-s cycle time using AB Sciex Triple-TOF 5600 system, and as many as 5,000 distinct peptides could be identified within 15 min of run time. Raw MS data can be exported and searched by public search engines like Mascot and Sequest. Many vendors also have their own processing software such as ProteinPilot of AB Sciex (Fig. 3) , ProteinLynx of Waters, and Proteome Discoverer of Thermo Scientific. As exemplified by the ProteinPilot of AB Sciex, the software offers better working interfaces and data visualization and can be used by personal preference (Fig. 3) . Followed by peptide profiling, the output results would yield a list of peptide fragments that are generated from the digested protein of interest. Next, surrogate peptide probes for target protein can be selected for quantification based on the protein profiling data, especially if such identification was achieved using protein digests of biological samples to be quantified. The criteria of the in silico approaches as described below can be further applied to narrow down the lists. Software such as Skyline by University of Washington and MRMPilot from AB Sciex can take the profiling results and automatically generate the MRM transitions accordingly. The digested samples can also be reinjected with targeted MRM transitions being monitored to further evaluate the sensitivity and chromatography aspects for higher confidence. The extracted ion chromatograms (XICs) can be plotted for each proposed MRM transition for sensitivity of detection, peak shape, and reproducibility (Fig. 4) . The peptide fragments associated with the best MRM transition signal and least standard deviation would naturally be the best candidates of surrogate peptides for target protein quantification. The candidate peptides can be synthesized, and MRM transition settings can further be fine-tuned to improve sensitivity. Modern Qtrap instruments such as AB Sciex 5500 or 6500 Qtrap that offer fast scan speed and scheduled MRM capability, 5 different CE values can be fine-tuned for up to 100 different SRM transitions within one injection.
As all the peptides selected have already been detected in real digested samples during protein profiling and following validation experiments, the empirical experimental approach can provide high confidence in the selection of surrogate peptides. The limitations of this approach include the need for high end instruments and potential loss of protein mapping coverage due to low abundance of membrane protein expression. As mentioned above, upfront sample enrichment and use of nano-flow LC instead of regular LC could improve protein mapping coverage as well as peptide detection sensitivity (18, 23) .
In Silico Tools for the Selection of Quantitative Peptides
The proteotypic peptides generated through the digestion of intact protein by different proteases can be predicted through online predictive tools (7) . Although there are lots of proteases available, trypsin is most commonly used because it can produce peptides with appropriate amino acid length and composition being amenable for LC-MS detection. Software including PeptideMass, PeptideAtlas (http://www.peptideatlas.org/), PeptideCutter (http://expasy.org), ProteinProspector (http:// prospector.ucsf.edu/prospector/mshome.htm), and Skyline (https://skyline.gs.washington.edu) provide "in silico" digestion for planning experiments. Input of protein sequence to the software will generate peptide lists created by commonly used proteolytic enzymes. As any protein can be digested to tens or even hundreds of possible peptides, it is not feasible to synthesize all of them for further evaluation and method development. Therefore, it is desirable to narrow down a small panel of peptides, which are likely to be detected and unique for the protein of origin. Fusaro et al. (24) described an enhanced signature peptide predictor (http://www.broadinstitute.org/cancer/software/genepattern/modules/ESPPredictor.html) to predict high-responding peptides from a given protein based on the criteria of peptide selection. In general, peptides that are suitable for target protein quantitation should be between 8 and 20 amino acids long and avoid long hydrophobic and short hydrophilic ones. Peptides containing cysteine, methionine, tryptophan, and N-terminal glutamine residues should be excluded because of their potential for modification. The continuous glutamic acid and aspartic acid residues or lysine and arginine residues in the adjacent sequence, which might hinder the digest efficiency of trypsin, should be avoided. The peptides selected should be in the exposed and soluble domain of the protein. If possible, the peptides in the transmembrane domains should be excluded because of their hydrophobic nature (25, 26) . The selection of post-translational modification, natural variant amino acid, and single nucleotide polymorphism sites should also be considered to meet the purpose of experiments. In general, multiple peptides should be considered for each protein, and for each peptide, multiple MRM should be monitored to gain reliable quantification information.
Selection of MRM Transitions for Quantitative Peptides
Fragment ions for each peptide precursor ion should provide the highest signal intensity and lowest interference. Commonly three to five MRM transitions should be selected for each peptide. The selection of peptide MRM transitions can be accomplished by shotgun experiments of samples on high resolution MS instruments such as Q-TOF or linear ion trap-orbitrap (LTQ-orbitrap) (27) . It is worth noting that the peptide transitions obtained from these highresolution instruments have different modes of CID, which may generate patterns of fragmentation that differ from QQQ-type instruments, especially LTQ-orbitrap (25, 28, 29) . Additionally, the low abundance proteins may cause problems for MRM selection and optimization. Alternatively crude synthetic peptide libraries can be used for batch analysis to select and optimize MRM transitions on a QQQ-type instrument (16) . This method allows extraction and validation of optimal MRM transitions for ∼100 peptides per hour with high confidence (14) .
SELECTION OF INTERNAL STANDARD (IS)
MS-based protein quantification requires an internal standard (IS) to compensate variability derived from each step during the analysis (30) (31) (32) (33) . Among different isotope dilution techniques (31, 33) , a stable isotope-labeled (SIL) synthetic peptide with identical sequence to the quantification peptide is the most commonly used IS for analyte peak area normalization. Other approaches including chemical derivatization, metabolic incorporation of heavy-labeled amino acids, and protein standard absolute quantification (PSAQ) have been described in the literature (34) . The identity and the timing of IS introduction offer different advantages in precision and accuracy in quantification, with respect to errors derived from variability in each step during analysis, such as native membrane protein extraction, denaturation, and digestion (Fig. 5) . The stable isotope labeling by amino acids in cell culture (SILAC) or stable Isotope labeling in mammals (SILAM) is one such method that offers a metabolic-labeling strategy for label incorporation in vitro or in vivo (35) (36) (37) . When SILAM or SILAC is used, both heavy and light proteins can be combined at the beginning of the experiment and digested together, after which the heavy isotope-labeled peptide serves as the co-eluting IS. Thus, SILAM or SILAC is considered to be able to normalize for losses derived from any portion of the workflow and therefore has the potential to be a superior approach for quantitative analysis (35, (38) (39) (40) (41) (42) . Similar in concept to SILAC, PSAQ is the IS derived from a labeled protein, and the concentration is measured by quantitative amino acid analysis of purified material, thereby allowing for better accuracy at the protein level (39, (43) (44) (45) . The SIL IS has the same amino acid sequence as the quantitative peptide selected above except that they have heavy-labeled amino acid and therefore has the same structure as the peptide that co-elutes in an LC and has the same fragmentation pattern to its natural counterpart. In SIL methods such as the absolute quantification (AQUA) method (30) , the IS is commonly spiked during or postdigestion and is the most feasible and rapid approach. Indeed, SIL peptides are among the most common IS used to evaluate the expression of drug transporters (5) (6) (7) 18, 19, (46) (47) (48) (49) (50) (51) . A comparison of the SIL peptide with SILAM approach was recently carried out in the LC-MS/ MS method development in our laboratory (37) . The findings suggested that, under the optimized denaturation and digestion conditions (52), the SIL method provided an accelerated preparation while obtaining comparable measurements similar to the SILAM approach.
DENATURATION AND DIGESTION OF SAMPLE PROTEINS
Once the quantitative peptides and SIL ISs are identified and their MRM transitions are optimized, the method can be applied for protein quantification in biological samples. Gelbased techniques including 1-D and 2-D gel electrophoresis and affinity-based techniques including online immunoaffinity column and affinity depletion of high-abundance proteins have been widely utilized prior to LC-MS/MS analysis. Recently, many protein quantification methods especially those for membrane proteins have focused on the in-solution digestion for complex biological samples. For the in-solution digestion, solubilization and denaturation remain obstacles for membrane transporter proteins because they tend to have multiple transmembrane domains, which are not directly accessible for protease enzymes. Most commonly used reagents for protein solubilization involve the ionic or nonionic chemicals including chaotropes such as urea and guanidine, bile acids, organic acids, and various detergents such as Tween, SDS, and Triton (53, 54) . After protein denaturation, cysteines are blocked by reagents such as iodoacetamide and methyl methanethiosulfonate to prevent disulfide bond reformation. The solubilizing and blocking reagents need to be further diluted for enzyme digestion; otherwise, they may interfere with protease activity. Once the digestion is quenched, LC separation is carried out to separate target peptides and ISs from other interfering substances that are produced through enzyme digestion in biological matrix including cell lysate, tissues, and other different cell compartments. 
LC-MS METHOD DEVELOPMENT INCLUDING OPTIMIZATION AND VALIDATION OF THE SELECTED SRM TRANSITIONS, CHROMATOGRAPHY SETTINGS, AND QUALITY CONTROL
Followed by the selection of quantitative targeted peptides, the optimization of SRM, the selection of internal standards, and sample digestions, sample analysis can be conducted on a triple quadrupole mass spectrometer such as API 4000 or 6500 coupled to an LC, ultra performance LC (UPLC), or nano-UPLC system (22, 23, 37) . The LC separation can be achieved in a reverse phase column (e.g., 100× 3.0 mm particle size 2.6 μm Kinetex® C18 column) with a gradient elution of water with 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid (solvent B) as mobile phases. To monitor multiple proteins in a single run, scheduled MRM acquisition method could be constructed using manually optimized declustering potentials, collision energies, as well as collision cell entrance and exit potentials. Three MRMs can be monitored simultaneously for each peptide (22, 23) . The quality control (QC) should also be conducted for the parameters of bioanalytical method validation guidelines suggested by regulatory agency for peptide stability, selectivity, linearity, reproducibility, and intra-/ interday variability (55) . Since there is no biological blank matrix available for membrane transporter proteins, digested human serum albumin can be used for preparation of calibration curves and QC samples (22) .
EXAMPLES OF QUANTITATIVE TARGETED PROTEOMICS FOR MEMBRANE TRANSPORTERS
Nowadays, various in vitro cell culture systems have been used to assess in vitro transporter kinetics for in vivo extrapolation with drug candidates during drug discovery and development (56) . For example, plated hepatocytes or cultured hepatocytes between layers of biomatrix are commonly used for in vitro assessment of liver clearance. Because hepatocytes cultured in a "sandwich" format provide proper orientation and localization of transporters along with the development of intact bile canaliculi (57-60), the tool has become an important system for investigating hepatobiliary transport. However, under the culture conditions including the use of culture media, plate formats, and cell density, the expression of hepatic transporters and other liver specific proteins might be altered (61) (62) (63) . Furthermore, the modulation of liver specific transporter expressions could also be species specific (64-66), which could limit the predictive power of a model. With the targeted quantitative proteomics methods aforementioned, Li et al. characterized MRP2, bile salt export pump (BSEP), and breast cancer resistance protein (BCRP) expressions in sandwich cultured hepatocytes (SCH) to compare proteins across the cell culture periods and with in vivo expression (6, 46, 47) . They observed a 40% loss of rat Mrp2 protein, but not human MRP2 protein, in cryopreserved hepatocytes as compared to that in the liver. Interestingly, a decrease in BSEP/Bsep and an increase in BCRP/Bcrp were observed in human and rat sandwich cultures, while in the same culture Mrp2 was decreased in rat and MRP2 in human hepatocyte was increased. As a result, following the sandwich culture, species difference between human and rat was diminished for MRP2/ Mrp2 and reversed for BCRP/Bcrp (46) . Through integrating a scaling factor of hepatobiliary transporter levels between in vitro SCH and in vivo, the prediction of biliary secretion in rats was improved (5) . The findings highlighted the importance in understanding in vitro modulation of hepatobiliary transporter expression for in vivo prediction.
In vitro permeability is an important consideration in drug candidate selection for good oral absorption and blood- brain barrier (BBB) permeation. The Madin-Darby canine kidney cell line (MDCK) has been widely used in many companies because of many favorable characteristics including monolayer integrity and the formation of tight paracellular junctions in a short culture time (∼3-5 days). MDCK wild-type cells (MDCK-WT) overexpressing specific transporters including human P-gp (MDCK-MDR1) have been widely used to characterize active transport and inhibitory effects of drug candidate. Following Kamiie et al. (19) in quantifying mouse P-gp using a single set of sample preparation conditions combined with multiplexed SRM to conduct high-throughput quantifications, Zhang et al. developed a method with the best apparent detection sensitivity applied to quantify the endogenous canine P-gp in MDCK-WT cells, human P-gp protein in MDCK-MDR1 cells, and membrane products from insect cells overexpressing human or mouse Pgp (7). They found that more than an 8-fold overexpression of P-gp in MDCK-MDR1 cells was detected as compared to MDCK-WT cells, which agreed with robust P-gp substrates efflux in MDCK-MDR1 cells over MDCK-WT (67) . On the other hand, MDCK-WT cells transfected with human MDR1 gene showed different amounts of endogenous canine P-gp (∼1.5-fold lower than MDCK-WT), which indicates using the net flux ratio approach for determination of human P-gp substrates might not be a valid method to cancel out the endogenous canine transporter activity (67) .
As mentioned above, since MDCK-WT cells can form tight para-cellular junctions in a short culture time (∼3-5 days), it is desirable over Caco-2 and PAMPA for measuring passive cellular (epithelial) permeability with high throughput capability. However, the significant drawback of MDCK-WT cells is the expression of functionally active canine P-gp. As a result, the quantitative targeted proteomics method was applied to isolate a subpopulation of MDCK-WT cells, the MDCK-LE (low efflux) cells that express low levels of endogenous canine P-gp (67) . The MDCK-LE cells minimize the interference of endogenous canine P-gp on passive permeability measurement and offers benefits over MDCK-WT. In fact, the established MDCK-LE cells were found to exhibit very low and near the detection limit of P-gp expression, which offer a cleaner system to express transporter genes and robust assessment of passive epithelial permeability (67) .
The BBB consists of endothelial cells of brain microvessels characterized by the presence of intercellular tight junctions and the polarized expression of numerous transport systems, which display separation of circulating blood from the central nervous system. Recently, the human cerebral microvascular endothelial cell line hCMEC/D3 was established and found to retain most of the morphological and functional characteristics of brain endothelial cells. The cell line is used as an in vitro model to investigate the function and their modulation in human BBB by many laboratories (68) (69) (70) (71) . A series of investigations demonstrated that the expression pattern of ATP-binding cassette transporter messenger RNAs in hCMEC/D3 cells is, at least qualitatively, similar to that of human brain microvessels (72, 73) . To understand the suitability and limitations of the hCMEC/D3 cell line being a BBB functional model, Ohtsuki et al. (74) applied quantitative targeted proteomics to determine the protein expression levels of multiple transporters, receptors, and junction proteins in hCMEC/D3 cells and compared the results with isolated human brain microvessels. They found that hCMEC/D3 cells retain protein expression of most transporters including MDR1, BCRP, multidrug resistanceassociated protein 4 and receptors such as transferrin and insulin receptors expressed in vivo at the human BBB (74) . The quantitative analysis of functionally important transport proteins provides fundamental information in extrapolation of in vitro results to in vivo (74) .
In drug discovery, it is a general practice in the pharmaceutical industry to extrapolate preclinical data obtained from in vivo animal models, such as rodents and macaque monkeys, to humans. Understanding the difference of membrane protein expression is the key to bridge the gap between in vitro models and interspecies that underlie interexperimental variation and to extrapolate in vitro data to in vivo (5, 6, 18, 46, 47, 75) . Appreciation of interspecies differences of proteins involved in drug elimination and their expression levels can increase the confidence in data interpretation. Since a major bottleneck encountered in drug discovery and development is the time elapsed between preclinical and clinical studies, quantitative targeted proteomics could serve as a useful tool for rapidly comparing a given protein's level across species to help reduce the delay of advancing drug candidates. Since the quantitative peptides could be intentionally selected from conserved sequence across species, one of the advantages of quantitative targeted proteomics is to measure the transporter protein across different species in an absolute manner (6, 37) . For example, the expression of MRP2/Mrp2 protein in livers was found to rank as rat>>monkey>dog≈human, where rat Mrp2 was approximately 10-fold higher than human. These results could explain, at least in part, the species difference of biliary excretion for its substrate drugs (76) . Similarly, mouse Bcrp protein was found to be about 10-fold higher than human and other species (47) , suggesting that mouse is not the best predictive model for Bcrp substrates. The protein quantification using LC-MS targeted proteomics approach can further be amended to a higher-throughput mode to compare the expressions of many proteins in different organs (19, 48, 49, 77, 78) . For example, Kamiie et al. (19) reported the simultaneous analysis of 36 membrane proteins in mouse BBB, and the follow-up studies extended upon the surrogate peptide library to target an extensive number of membrane proteins in human and monkey brain microvessels (48, 50, 78) . These studies provide valuable information with respect to understand species differences in transporter expression at the BBB (74) .
Hepatic sinusoidal uptake could be the rate-determining step in the systemic clearance of drugs. Of all the mechanisms of sinusoidal transport, the organic anion transporting polypeptides (OATPs) are believed to be the most relevant for hepatic uptake of many anionic drugs. In addition to OATPs, The sodium-dependent taurocholate co-transporting polypeptide-mediated transport has been shown to contribute to the hepatic uptake of statins (79) (80) (81) (82) . The ability to predict uptake clearance and determine the contribution of individual transporters to overall hepatic uptake is therefore critical in assessing the potential pharmacokinetic and pharmacodynamic variability associated with drug-drug interactions and pharmacogenetics. Since hepatic uptake transporters co- Recently, quantitative targeted proteomics was applied to determine the interindividual variability of expression level of hepatic uptake and efflux transporters in a large set of human liver samples to understand the influence of genotype, age and sex on such expression (12, 13) . It is now known that BCRP expression in the liver with the variant C421A allele was significantly lower than that in the wild-type livers (13) . In contrast, OATP1B1 expression in the livers with SLCO1B1 haplotypes *14/*14 and *14/*1a (A388G and C463A variants) was higher than that in the reference haplotype (*1a/*1a) (12) , leading to ∼40% decrease in predicted exposure of rosuvastatin or repaglinide in those individuals harboring these variant alleles. Interesting results were also noted as neither age nor sex was associated with expression of hepatic transporters determined (12, 13) .
Since the studies aforementioned ultimately use the absolute quantification of a surrogate peptide that can be determined with a high level of accuracy to analyze a protein, the true accuracy at the protein level is generally not known and can vary to a significant extent from method to method and from protein to protein (33, 43, 45, 52, 83, 84) . This issue derives from the fact that primary and secondary structural differences among proteins can amount to varying levels of proteolysis under the sample preparation conditions that are compatible with typical studies using trypsin digestion and LC-MS/MS-based peptide detection (52) . Only under the assumption that the sample preparation conditions do not have a significant impact on the digestion efficiency for each protein, the quantified peptide concentrations can be used as true surrogate for expression levels of corresponding proteins, and further can be used to compare the abundance of different transporters. For example, as summarized in Table I , the amount of human hepatic transporters detected by different laboratories varies significantly. In particular, OATP1B1 was not detected in 9 of 17 livers (85), which did not agree with the reports obtained between different laboratories (12, 65) . For the reason just specified, the conclusion of expression "atlas" or expression "profile," such as "BCRP was expressed 1.6-fold more than MDR1" (50) or "BCRP was the most abundant followed by MDR1" (48) , is particularly concerning under the typical enzymatic digestions employed in these types of studies, which require a balance between conditions that enhance proteolysis through denaturation of the target protein, and conditions that will not significantly inhibit the proteolytic activity of the digestion enzyme. In total, to the extent that relative expressions determined under different sets of sample preparation conditions can underlie completely different conclusions. Furthermore, the surrogate peptide-based quantitative targeted proteomics alone is not suitable to draw a pie chart of transporter distribution without protein standards with a known concentrations until further advancements are achieved.
PERSPECTIVES
Recently, model-based predictions such as PBPK modeling, have become emerging approaches to predict complex drug disposition in a way of holistic perspectives for the sake of rational drug design (87, 88) . The model requires analytical tools that can quantitatively determine the components associated with biological processes. As a result, technologies for characterizing membrane proteins have been a growing field, and the quantitative targeted proteomics in particular becomes a key enabling technology and is continuing to evolve rapidly. Quantitative targeted proteomics uses peptides unique to the proteins of interest, which can be readily obtained from commercial sources to serve as surrogate standards to overcome the absence of pure protein as standards. The method can be sensitive and selective and is amenable to a high-throughput mode to quantitatively assess protein expressions in various biological samples (19) , and has found its way to broad applications such as those in translational pharmacology. However, significant challenges in quantification of membrane proteins remain, due to relatively low expression levels and often the inclusion of multiple hydrophobic domains that resist exposure to aqueous environment, resulting in limitations of solubilization and denaturation with respect to facilitating protease access and digestion efficiency. Conditions of digestion and membrane solubilization should be optimized, in which the organic solvents, detergents, or chaotropic agents are examined to be compatible with the route of digestion and subsequent LC-MS analysis. Since reliable membrane protein standards are not yet readily available, caution is still warranted in absolute peptide quantifications that may not directly reflect the relative abundance of different proteins. The use of SIL-IS at different level, e.g., SILAC or SILAM, can offer advantages in addressing the incomplete digestion (52, 89) . Furthermore, experimental strategies are required to improve particularly for the analysis of post-translational modifications in membrane proteins. Equally important, sample preparation needs to be improved in order to differentiate the subcellular components for investigating proteomes of intracellular membranes. The continuous development of methods is central for increasing reproducibility in the rapidly expanding application of quantitative proteomics for membrane transporter proteins. These improvements will und o u b t e d l y c o n t i n u e t o m a k e L C -M S / M S b a s e d quantifications more reliable and accessible in the ADME community, and the results obtained will facilitate prediction of population-based human transporter-mediated drug disposition, drug-drug interactions, and interindividual variability through mechanistic-based mathematic modeling approach.
